The structures and properties of osmabenzyne and para-substituted osmabenzynes (X=F, Cl, Br, Me, NH 2 , OH, NO 2 , CHO, COOH) have been explored using theoretical methods. Frontier orbital analysis indicates the HOMO and LUMO are distributed on the ring carbon atoms, Os and Cl ligands. Time dependent density functional theory (TD-DFT) is used to calculate the energy, oscillatory strength and wavelength absorption maxima (λ max ) of various electronic transitions and their nature within molecules. Non linear optical (NLO) behavior of title compounds is investigated by the computed value of first hyperpolarizability (β total ).
INTRODUCTION
Metallabenzynes, [1] [2] [3] [4] [5] [6] which are organometallic compounds derived from formal replacement of a carbon atom or a C-H group in benzyne with an isolobal transition metal fragment, are closely related to metallabenzenes. At initial view, one might expect that metallabenzynes may be too unstable to be isolated, because organic compounds with a C≡C bond in the six-membered ring, for example, benzyne and cyclohexyne, are thermally highly unstable because of ring strain. The first stable metallabenzyne [Os(≡CC(SiMe 3 )=C(CH 3 ) C-(SiMe 3 )=CH)Cl 2 (PPh 3 ) 2 ] was obtained unexpectly during effort to prepare osmium vinylidene complexes of the type [OsCl 2 (=C=CHR)(PR' 3 ) 2 ] 7 . However, in recent years, numerous stable osmabenzynes have been isolated [8] [9] [10] [11] [12] and their interesting chemical properties have been determined. For instance, osmabenzynes, such as metallabenzenes and aromatic compounds, can undergo electrophilic substitution reactions 9 . Also, the electronic explanation for the stabilization of osmabenzyne has been studied with the aid of orbital interaction analysis and density functional theory calculations 13 . In the present work, we have attempted to study the structure, molecular orbital analysis, reactivity, electronic spectra, hyperpolarizability, and natural bond orbital analysis in osmabenzyne and substituted osmabenzyne. These calculations are valuable for providing insight into structure and properties in osmabenzyne.
COMPUTATIONAL METHODS
All calculations were carried out with the Gaussian 03 suite of program 14 . The calculations of systems contain C, Br, O, N, Cl, P, F and H described by the standard 6-31G(d,p) basis set [15] [16] [17] [18] [19] [20] [21] . For Os element standard LANL2DZ basis set [22] [23] [24] is used and Os described by effective core potential (ECP) of Wadt and Hay pseudopotential 22 with a doublet-ξ valence using the LANL2DZ. Geometry optimization was performed utilizing with Modified Perdew-Wang Exchange and Correlation (mpw1pw91) 25 . The results of calculations for transition metal complexes show that MPW1PW91 functional gives better results than B3LYP [26] [27] [28] [29] . A vibrational analysis was performed at each stationary point found, that confirm its identity as an energy minimum.
Geometries were optimized at this level of theory without any symmetry constraints followed by the calculations of the first order hyperpolarizabilities. The total static first hyperpolarizability β was obtained from the relation:
The electronic spectra for the studied compounds were calculated by TD-DFT 31 using the same hybrid functionals and basis sets as used for the calculation of the hyperpolarizabilities. The 10 lowest excitation energies were computed.
The population analysis has also been performed by the natural bond orbital method 32 using NBO program 33 under Gaussian 2003 program package. GaussSum 2.2.6.1 was used to prepare total density of state (TDOS) or density of state 34 . The electron density difference map (EDDM) of the most intensity of the 10 lowest excitation were prepared from Gaussian03 TDDFT output using GaussSum and visualized using Gaussian viewer 5.0.
The nucleus-independent chemical shift (NICS) index, based on the magnetic criterion of aromaticity, is probably the most widely used probe for examination of chemical compounds aromatic properties 35 . It is defined as the negative value of the absolute magnetic shielding. It can be calculated in the centre of the aromatic ring (NICS(0) 36 ), or at 1 Å above it (NICS(1)
37
). Negative NICS values denote efficient electron delocalization. Nucleus-independent chemical shifts were calculated in the point located by 1 Å above the center of the ring (NICS(1)zz) as it was recommended for obtaining more accurate data [38] [39] . NICS values are calculated using the Gauge independent atomic orbital (GIAO) 40 method at the same method and basis sets for optimization.
RESULTS AND DISCUSSION

1.
Dipole moment The structures of osmabenzyne and para-substituted osmabenzynes and ring and ligands numbering are given in Figure. 1. The absolute energies and dipole moments values of these complexes are shown in Table 1 . Studied complexes are in singlet spin state. It can be seen, the more dipole moments for electron donor substituents.
upon calculating the individual static components Due to the Kleinman symmetry 30 :
β xyy = β yxy = β yyx ; β yyz = β yzy = β zyy ,… one finally obtains the equation that has been employed: 2 optimized MPW1PW91 method and the same basis sets used for studied osmabenzynes. The Os-C5 bond length is slightly shorter than that for calculated Os-C single bond (2.149 Å), and longer than that for calculated Os-C double bond (1.870 Å). The bond distance of Os-C1 is intermediate between normal Os-C double and triple bonds, (1.870, 1.719 Å respectively). The bond distance data demonstrate the delocalization of bonding, a typical character of aromatic property.
Os-Cl bonds:
On the other hand, Os-Cl7 bond lengths decrease in the presence of electron donor substituents. Os-Cl6 bond distances decreases in the presence of all substituents. Also, Os-Cl7 bond are longer than Os-Cl6 bonds in all complexes.
CC bonds:
The analysis of CC bond lengths reveals these bonds are intermediate between normal single and double bonds, (1.327, 1.523 Å in C 2 H 4 and C 2 H 6 , respectively, by MPW1PW91 method and using the 6-31g(d,p) basis set).
The bond distance data demonstrate the delocalization of bonding, a typical character of aromatic property.
P-Os-P bond angles P-Os-P bond angles values are gathered in Table 2 . These values increase in the presence of electron donor substituents. The bending of P-Os-P is expected to enhance the dxz-3π back-bonding interaction between the metal and carbon unit; as a result helps the aromaticity of the metallacycle 13 .
Although theoretical results are not exactly close to the experimental values 8 for the title molecule, this may due to the fact that the theoretical calculations were aimed at the isolated molecule in gaseous phase and the experimental results were aimed at the molecule in the solid state, the calculated geometric parameters also represents good approximation and they can be used as foundation to calculate the other parameters for the compound. 
3.
Polarizability Polarizabilities describe the response of a system in an applied electric field. They determine not only the strength of molecular interactions (such as the long range intermolecular induction, dispersion forces, etc.) as well as the cross sections of different scattering and collision processes, but also the nonlinear optical properties of the system 41 .
The isotropic polarizability <α > is calculated as the mean value as given in the following equation
:
And anisotropic polarizability with:
The calculated isotropic and anisotropic polarizability values indicate these values increase in all complexes (Table 3) . Also, these values reveal electron withdrawing substituents have more isotropic and anisotropic polarizability values rather than electron donor substituents. The replacement of para hydrogen atom of osmabenzyne by different groups has the effect to frontier orbital energies. In the presence of electron withdrawing and halogens substituents, HOMO energies decrease. On the other hand, electron withdrawing substituents decrease LUMO energies. Also, donor groups have the effect to increasing hardness and chemical potential, while ω (electrophilicity index) parameters are decreasing in the reverse order.
Also, The atomic orbital compositions and the density of states (DOS) of the frontier molecular orbital of C 5 H 4 Os(PH 3 ) 2 Cl 2 are sketched in Figure 2 . This figure presents frontier orbitals involve π-bonding overlap between carbon atoms. Table 5 encloses the values corresponding to NICS aromaticity criteria 35 . NICS values have been calculated in center and 0.5, 1.0, 1.5, and 2.0 Å above of the center of rings. In X=Br, CN, CHO substituents, the most negative NICS values are 0.5 Å above of the rings center. This is compatible with π-aromaticity in these rings. In other substituents, the most negative NICS values are in the center of rings center for all species that reveals σ-aromaticity in these rings. Also, the NICS values exhibit increasing of aromaticity in electron withdrawing substituents. In addition, we focused on the NICS(1) zz index to elucidate the variation of the degree of aromaticity in all ring. Again, there is more aromaticity for electron withdrawing substituents.
Aromaticity
6. Electronic spectra We found the most intensity electronic transition (λ max ) of all complexes. The wavelength, oscillator strength and the composition of the transitions obtained by TD-DFT calculations are given in Table 1 .
The energies of the most intensity transition (λ max ) show that the acceptor derivatives are strongly affected by the accepting strength of the X-group. On the other hand, for the donor derivatives, this value is only slightly affected by the X-group. Although the electronic structures of the excited states are not available using TDDFT approach, the electron distribution and so the amount of localization of the excited state may be visualized readily using electron density difference maps (EDDMs), as shown in Figure 4 for C 5 H 4 Os(PH 3 ) 2 Cl 2 . The EDDM for the lowest energy transition of C 5 H 4 Os(PH 3 ) 2 Cl 2 shows a decrease in charge density at the Cl7 and a corresponding increase on metal centre, C5, hence, the most intensity transition is LMCT. 
7.
Hyperpolarizability Theoretical investigation cooperate an essential role in comprehending the structure-property correlation, which is able to support in designing novel NLO chromophores. The electrostatic first hyperpolarizability (β tot ) and dipole moment (µ) of para-substituted XC 5 H 4 Os(PH 3 ) 2 Cl complexes have been calculated. From Table 6 , it is found that when X=NO 2 show larger µβ values, which is attributed to the positive contribution of their conjugation. Also, β tot values increase in the presence of electron withdrawing. Table 8 presents the atomic charges of Os and ligands atoms from the natural population analysis (NPA) for studied complexes. The calculated charges on the osmium atoms are considerable lower than the formal charge +2. This is a result of significant charge donation from PH 3 , Cl, ligands and ring carbon atoms. Figure 3 indicates a good correlation between ∠P-O-P angle and charge of Os. ∠P-O-P angle increase, when there is more negative charge on Os. 
Natural bond analysis (NBO) Charge distribution
Wiberg indices
The bond delocalization can also be found from the calculated bond indice. The bond delocalization can also be found the calculated bond indices are comparable to the calculated those for benzene (1.438). The Os-C5 bond indices are intermediate between calculated OsC single and double bond indices (0.617 and 1.463, respectively). OsC1 bond indices are within the range of those for OsC double and triple bonds (1.463 and 2.046, respectively).
Character of natural hybrid orbital (NHO) on the complexes
In Table 9 , we present the resulted natural atomic hybrids hA on Os and carbon atoms with the polarization coefficient for Os-C1 and Os-C2 hybrid in the corresponding NBO. The inspection of the results reported in Table 9 reveals that:
1.
The p characters of carbon NHO σ(Os-C5) decrease in substituted species.
2. The p and d characters of osmium NHO σ(Os-C5) decrease in electron withdrawing substituted species, and increase in electron donor substituted species.
3. The p characters of carbon and osmium NHO σ(Os-C5) are more than NHO σ(Os-C1) decrease in substituted species. This results in a lengthening of the OsC5 bond. 
CONCLUSION
The molecular structures and properties of osmabenzyne and parasubstituted osmabenzynes were discussed in this paper on the basis of theoretical calculated geometrical parameters and atomic charges (NBO). We have been determined the parameters such as the η(hardness), µ (chemical potential) and ω (electrophilicity index) by using HOMO and LUMO energy values for all compounds. Also, UV-vis spectra were investigated by using TD-DFT method. NICS(1) zz values shown more aromaticity for electron withdrawing substituents
